Sulfidic, anoxic sediments of the moderately hypersaline Salton Sea contain gradients in salinity and carbon that potentially structure the sedimentary microbial community. We investigated the abundance, community structure, and diversity of Bacteria and Archaea along these gradients to further distinguish the ecologies of these domains outside their established physiological range. Quantitative PCR was used to enumerate 16S rRNA gene abundances of Bacteria, Archaea, and Crenarchaeota. Community structure and diversity were evaluated by terminal restriction fragment length polymorphism (T-RFLP), quantitative analysis of gene (16S rRNA) frequencies of dominant microorganisms, and cloning and sequencing of 16S rRNA. Archaea were numerically dominant at all depths and exhibited a lesser response to environmental gradients than that of Bacteria. The relative abundance of Crenarchaeota was low (0.4 to 22%) at all depths but increased with decreased carbon content and increased salinity. Salinity structured the bacterial community but exerted no significant control on archaeal community structure, which was weakly correlated with total carbon. Partial sequencing of archaeal 16S rRNA genes retrieved from three sediment depths revealed diverse communities of Euryarchaeota and Crenarchaeota, many of which were affiliated with groups previously described from marine sediments. The abundance of these groups across all depths suggests that many putative marine archaeal groups can tolerate elevated salinity (5.0 to 11.8% [wt/vol]) and persist under the anaerobic conditions present in Salton Sea sediments. The differential response of archaeal and bacterial communities to salinity and carbon patterns is consistent with the hypothesis that adaptations to energy stress and availability distinguish the ecologies of these domains.
The vast majority of cultured Archaea isolates are characterized as extremophiles, which thrive under environmental extremes of temperature, pH, salinity, and oxygen availability. Unlike Bacteria, these organisms are well defined by select physiologies or catabolic activities. Cultivated halophilic archaea are obligate aerobes, and with a few exceptions (58) , most 16S rRNA gene sequences affiliated with this physiological group have been recovered primarily from environments with oxygen present. Thermophilic archaea, many of which utilize hydrogen-based metabolisms, have temperature requirements that preclude their survival and growth in more moderate environments. Other archaeal physiological groups include acidophiles, which thrive in acidic and mostly hightemperature environments, the obligate anaerobic methanogens, which are capable of competing with Bacteria when more energetically favorable electron acceptors are not available (i.e., sulfate), and methane-oxidizing archaea, which require methane for energy production. Recent work on several Crenarchaeota isolates points to nitrification as their primary energy metabolism, but these organisms have been detected in cold, predominantly aerobic environments, such as open ocean waters and soil (47) , and in hyperthermophilic environments (24) .
Several archaeal groups identified using only 16S rRNA genes, for which no current isolates exist, have been detected in anaerobic sediments of the marine subsurface (6) , estuaries (42) , freshwater (46) , and salt lakes (29) . While their physiology and catabolism remain a source of speculation, the environmental distribution patterns of these mesophilic, presumably anaerobic, groups seemingly exclude the physiological and catabolic types outlined above. That is, the persistence of diverse archaeal populations in anoxic sediments at moderate temperature and salinity and at circumneutral pH with only trace levels of methane strongly suggests that alternative metabolic or physiological activities must characterize these populations.
Saline lakes are ubiquitous and can be found on all continents. Although many saline lakes are labeled "extreme" environments, microbial diversity within their sediments is often equivalent to that reported for studies of freshwater and marine systems (28) . Most studies of the microbial ecology within saline lakes have focused on gradients within the water column, with very few studies on patterns within the sediments. Specifically, these studies have examined how changes in water column salinity lead to shifts in microbial productivity and diversity (8) . However, particle-associated microbial communities are known to differ fundamentally from water column or free-living populations (1, 18) . These observed differences could be explained by the type and strength of environmental gradients that microbial communities in sediments experience, as opposed to those encountered by pelagic communities.
Sediments contain strong environmental gradients, such as time (e.g., sediment age at depth), nutrient and carbon availability, and the dominant terminal electron-accepting process (TEAP) resulting from the sequential use of available oxidants by the microbial community (41) . These gradients can lead to changes in the dominant microbial groups (i.e., a shift from sulfate reducers to methanogens with depth and age). Many saline lakes are highly productive and shallow and experience large fluctuations in water level due to climatic changes or to changes in inflows due to urban and agricultural activities. Changes in lake level can lead to dramatic shifts in mixing regimens, nutrient cycling, and water chemistry. Historic fluctuations in water column salinity are often recorded within the sediments in the form of evaporite deposits, which may act as additional sources of ionic loading of the water column (62) . These sedimentary salinity gradients may modulate the metabolic activity of some microbial groups. For example, Oren (44) proposed bioenergetic constraints as a possible explanation for the reduced activity or absence of some microbial groups within high-salinity environments. Thus, saline lake sediments are excellent natural laboratories in which to study changes and adaptations of microbial communities due to large-scale changes in environmental gradients.
The Salton Sea is a large (980 km 2 ), eutrophic, moderately hypersaline (48 to 50 g liter Ϫ1 ), terminal lake located 69 m below sea level in the Salton Basin, CA. Several large lakes have formed in the Salton Basin over geologic history, the most recent of which was Lake Cahuilla ca. 300 years ago (7). The current lake was unintentionally created in 1905-1907, when the Colorado River flooded the Salton Basin for a period of 16 months. Profundal sediments are highly sulfidic, and sulfate reduction is suspected to be the dominant TEAP within these sediments (54) . Based on elemental analysis (51) and 137 Cs activity (37) of sediment layers, a depth of ϳ22 cm marks the point when flooding of the Salton Basin occurred. Sediment above this depth represents the ca. 102 years of historical change within the Salton Sea, including a shift from a water column salinity of 35 g liter Ϫ1 to the hypersaline conditions that currently exist. Sediments below this depth consist of lowcarbon, gypsum-rich evaporite deposits that were present on the older dry lake bed prior to the formation of the current lake. A previous study reported several strong geochemical gradients within pore water across this relatively small depth range (62) .
In this work, a suite of cultivation-independent techniques and geochemical analyses was utilized to correlate shifts in abundance, community structure, and diversity of Archaea and Bacteria in Salton Sea sediments with changes in environmental gradients. Large differences in abundance and community structure patterns of Archaea and Bacteria were found along the gradients. In addition, the majority of archaeal sequences retrieved were affiliated with previously described but as yet uncultivated groups identified from various marine sedimentary environments. This indicates that these groups are able to tolerate the higher salinity and anaerobic conditions characteristic of Salton Sea sediments. Fundamental differences between the metabolic capacities and ecologies of Archaea and Bacteria are discussed to explain these patterns.
MATERIALS AND METHODS
Sediment collection and processing. Intact sediment cores were collected at a site (S-1; 33°25Ј00ЉN, 115°55Ј00ЉW; 14 m in depth) located in the center of the northern basin of the Salton Sea. This site was one of several reference sampling stations chosen for a reconnaissance study of the biological limnology of the Salton Sea during the period 1997-1999 (63) and is a location where sediment cores representing the complete history of the extant lake can be collected. Bulk sediment was collected using a modified Ekman box corer (15 ϫ 15 ϫ 50 cm) and subsampled using polycarbonate cylinders (7.5 ϫ 50 cm). This method yielded sediment cores with an average length of 35 cm. Sediment from one core was extruded at 1-cm intervals, and the sediment from each interval was then split. Following the method of Wardlaw and Valentine (62) , pore water was extracted from one-half of the sediment by centrifugation (12,000 ϫ g, 15 min) and filtered through a 0.2-m filter. The remaining sediment was stored at Ϫ80°C for subsequent molecular analyses. Sediment from a second core was extruded at 1-cm intervals, placed in acid-washed (20% HCl), precombusted (450°C, 4 h) glass vials, and stored at Ϫ20°C prior to analysis of bulk sediment chemical properties.
Geochemical analysis. The concentration of total dissolved salts in pore water was determined by the refractive index, measured using a handheld refractometer. Samples that had a salinity value of Ͼ80 g liter Ϫ1 were quantitatively diluted with distilled water prior to measurement. Since the ionic composition of Salton Sea pore water differs from that of seawater, exact values determined using this technique should be interpreted with caution. Pore water sulfate concentrations were determined using a nephelometric method based on the precipitation of barium sulfate (BaSO 4 ) through the addition of excess barium chloride (BaCl 2 ) solution to a known volume of pore water (23) . The reported accuracy of this method (ϳ1 mM) (23) makes it particularly useful for samples with high sulfate concentrations (62) . Total carbon (TC), organic carbon (OC; after treatment of sample with 25% HCl), and total nitrogen (TN) contents of bulk sediment were determined from dried (105°C, 48 h), ground sediment samples, using a CHN elemental analyzer (model CEC 440HA; Exeter Analytical). Inorganic carbon (IC) content was determined by subtraction of the OC value from the TC value.
Mineral identification and analysis. Sediment subsamples (0.2 to 0.5 g) were collected at 2-cm intervals along the 0-to 28-cm sediment depth range and dried onto 5-mm glass slides. Mineral-phase identification and analysis were conducted with powder X-ray diffractometry (XRD), using a Phillips X'Pert diffractometer. The X-ray source was Cu K␣ radiation (1.5405 Å) at 40 kV and 50 mA. Diffraction peaks between 2 values of 2°and 70°were recorded, and peaks were identified using the peak search function of Phillips X'Pert Highscore software (PANalytical). Minerals were identified by comparing the observed mixed-phase diffraction pattern to the ICDD-PDF mineral database. Relative abundances of each mineral phase were determined using the "semiquantitative analysis" function in the X'Pert Highscore software package. This calculation is based on reference intensity ratio values for the mineral assemblage (12) . For sediment samples, relative abundances of the following minerals were determined using the "fit profile" command: calcite (ICDD-PDF reference code 00-005-0586), gypsum (ICDD-PDF reference code 99-000-0004), halite (ICDD-PDF reference code 00-005-0628), and silica (ICDD-PDF reference code 00-033-1161).
DNA extraction and T-RFLP analysis. DNAs were extracted from subsamples (0.3 to 0.5 g) of previously frozen sediment by use of a FastDNA spin kit for soil (Qbiogene, Carlsbad, CA). DNAs from two separate subsamples were extracted, combined, further purified with a Wizard SV gel and PCR cleanup system (Promega, Madison, WI) according to the manufacturer's instructions, and quantified by PicoGreen fluorometry (Molecular Probes, Eugene, OR). Archaeal and bacterial community structure was determined at 2-cm depth intervals, using terminal restriction fragment length polymorphism (T-RFLP) analysis (5 Table 1 ). The specificity of the archaeal reverse primer was confirmed using in silico amplification against databases, using the RDP v10 Probe Match tool (15) . Archaeal PCR amplification conditions were as follows: 3-min hot start at 95°C, followed by 30 cycles (45 s of denaturing at 94°C, 1 min of annealing, and 2 min of extension at 72°C) and a final extension step of 5 min at 72°C. Bacterial PCR amplification conditions were as follows: 2-min hot start at 95°C, followed by 30 cycles (45 s of denaturing at 95°C, 45 s of annealing, and 90 s of extension at 72°C) and a final extension step of 7 min at 72°C. Amplicon size was checked by running PCR products on a 0.8% agarose gel for 30 min at 80 V and visualizing them by staining with SYBR gold (Molecular Probes).
Duplicate PCR products containing amplicons of the correct size were combined, purified, and concentrated using a Wizard SV gel and PCR cleanup system (Promega). Duplicate 40-l reaction mixtures containing 50 ng PCR product, 5.0 l 1ϫ enzyme buffer (20ϫ; NEB), 0.5 l BSA (10 mg ml Ϫ1 ), and 0.5 U of restriction enzyme (NEB) were digested for 8 h. The following restriction enzymes were used: HhaI, DdeI, and DpnI for archaeal PCR products and HhaI, HaeIII, and RsaI for bacterial PCR products. Digestion products were purified and concentrated using a Montage PCR centrifugal device (Millipore, Billerica, MA) and quantified using PicoGreen. Samples were diluted to have equivalent final DNA concentrations and were run in duplicate on an ABI Prism 3100 genetic analyzer (PE Applied Biosystems, Foster City, CA) at the Genomics Technology Support Facility of Michigan State University. Resulting electropherograms were analyzed using GeneScan 3.1 software (Perkin-Elmer).
Community structure analysis. Terminal restriction fragment (TRF) peaks of Ն50 fluorescence units (above background) and constituting Ն0.5% of the total sample peak area were manually aligned by comparison to an internal size standard. Duplicate T-RFLP profiles were compared, and nonreplicated TRF peaks were removed from further analyses. Replicated TRF peak areas were averaged and divided by the total sample area (based on replicated TRF peaks only) to obtain the individual relative peak area for each TRF.
Microbial community structure patterns were evaluated using hierarchal cluster analysis and nonmetric multidimensional (MDS) analysis (13) . Hierarchal cluster analysis was performed on TRF relative abundance and presence-absence data, using the Bray-Curtis (BC) similarity index and flexible-beta linkage (␤ ϭ Ϫ0.25). MDS is an ordination technique that plots samples as points in lowdimensional space while attempting to maintain the relative distances between points as close as possible to the actual rank order of similarities between samples. Thus, sampling stations with similar community structures are plotted closer together in ordination space. A stress factor is calculated for each MDS ordination and indicates how well plotted configurations of sample distances agree with original rank orders calculated from the similarity matrices. MDS analysis of T-RFLP profiles was performed using previously calculated BC indices for TRF relative abundances.
Relationships between microbial community structure and environmental variables were examined using the BEST procedure (14) , which calculates modified Spearman rank correlation coefficients ( s ) between MDS configurations and Euclidean similarity matrices of all possible environmental variable combinations. Hydrogen sulfide concentrations were log transformed before calculating Euclidean similarities, whereas dissolved oxygen and temperature values were not transformed. Cluster analysis was done using XLStat (AddinSoft SARL), and all MDS calculations were performed using Primer v6.0 (Primer-E Ltd.).
Phylogenetic assignment of TRFs. The putative phylogenetic identities and relative abundances of bacterial community members determined from T-RFLP profiles were estimated at selected sediment depths by use of several Web-based programs. First, several 16S rRNA gene sequence databases (Ribosomal Database Project [RDP] v10 [15] and Greengenes [21] ) and the In silico PCR and DNA Restriction (ISPaR) tool, a component of the Microbial Community Analysis (MiCA) online resource (53) , were used to generate predicted TRF lengths of bacterial 16S rRNA gene sequences. Primers and restriction enzymes used in ISPaR were identical to those used in the sediment T-RFLP analysis. Second, predicted TRF lengths of 16S rRNA gene sequences were imported into PAT (31) and matched to TRF lengths generated from sediment T-RFLP analysis. Third, normalized abundance equations for each TRF peak and its relative peak area in each T-RFLP profile were calculated using the APLAUS tool in MiCA. Abundance equations were then simplified by performing algebraic calculations by hand, further reducing the number of possible phylotypes present in each sample. This procedure resulted in several mathematically valid plausible community compositions for each sample; however, only one plausible community composition was determined in our analysis, and phylogenetic assignments were restricted mostly to the phylum or class level.
In agreement with previous studies, few matches between archaeal T-RFLP patterns and archaeal 16S rRNA gene sequences present in databases were found. Therefore, expected TRFs of archaeal clones obtained in this study were matched to T-RFLP sediment profiles by use of TRiFLe (30) . First, partial archaeal 16S rRNA gene sequences of clones from three sediment depth intervals were digested in silico, using PCR primers and the HhaI restriction enzyme that were used for sediment T-RFLP analysis. Second, sediment T-RFLP profiles from each depth interval were matched to expected TRFs from clone sequences by use of TRiFLe. Finally, relative abundances of matched TRFs were used to estimate the relative abundances of Euryarchaeota and Crenarchaeota over depth.
qPCR. Quantitative real-time PCR (qPCR) was performed using an ABI 7900 HT real-time PCR system (Applied Biosystems) and the primers and annealing conditions listed in Table 1 . PCR mixtures (25 l) contained 12.5 l of 1ϫ Power SYBR green master mix (Applied Biosystems), 0.9 M primer (each; final concentration), 1 l of DNA template (1 ng), and ultrapure water for the balance. Each reaction condition had an initial denaturing step of 10 min at 95°C to activate the AmpliTaq Gold DNA polymerase, followed by 40 cycles of 30 s of denaturing at 95°C, 30 s of primer annealing ( ) and gel electrophoresis (2% agarose) of qPCR products revealed single amplicons of the predicted sizes for all primer pairs. Annealing temperatures used were optimized for each primer pair. Plasmid quantification standards were constructed for each primer pair by cloning PCR products resulting from amplification of environmental DNA. Exact matches between 16S rRNA sequences of PCR product inserts and qPCR ). Amplification of environmental samples and standards, including controls containing no DNA template (ultrapure water only), was done in triplicate. Average amplification efficiencies for Bacteria, Archaea, and Crenarchaeota were 89%, 85%, and 97%, respectively, and all amplifications were linear (r 2 ϭ 0.999, 0.990, and 0.997, respectively).
Archaeal clone libraries. Archaeal 16S rRNA gene clone libraries were constructed from the sediment depth intervals 0 to 1 cm, 22 to 23 cm, and 32 to 33 cm. PCR conditions and primers were the same as those used for archaeal T-RFLP analysis (Table 1) . Clone libraries were constructed from PCR products by use of a PCR CloningPlus kit (Qiagen, Valencia, CA). Blue-white screening of cloned plasmids was done using LB agar plates containing 100 g ml . Picked transformants were grown overnight in 1.6 ml LB broth containing 0.075 mg ml Ϫ1 ampicillin, and plasmid DNA was extracted using a QuickClean 5 M miniprep kit (GenScript, Piscataway, NJ) according to the manufacturer's instructions. Approximately 500 ng of DNA from each plasmid containing a PCR product insert was sequenced at the University of California, Berkeley, DNA sequencing facility, using the T7-M13 sequencing primer pair. The average sequence length was 890 nucleotides.
Phylogenetic analysis and clone library comparisons. Sequence ends were trimmed and edited using Sequencher v4.7 (Gene Codes, Ann Arbor, MI) and were checked for chimeras using Mallard (4) and Bellerophon (26) . Suspect sequences were removed prior to further analysis. Unique phylotypes (Ն97% sequence similarity) were determined using DOTUR (48) . A single representative phylotype sequence was included in the alignments. Edited sequences were compared to previously deposited sequences, using the RDP v10 Seqmatch (15) and NCBI BLASTN (3) online tools. Multiple sequence alignments of the most closely matched isolate and environmental sequences and the clone sequences from this study were performed using CLUSTAL_X v1.81 (57) .
Neighbor-joining (NJ) trees of sequences, with the Jukes-Cantor nucleotide substitution correction and 1,000 distance bootstrap replicates, were constructed using PAUP* v.4.0 beta 10 (55). Phylogenetic trees were exported and edited using TreeView v1.6.0 (45). Phylogenetic trees were also constructed using maximum parsimony and maximum likelihood methods, and resulting tree topologies were similar to those generated using NJ methods (data not shown). Clone library diversity was calculated using EstimateS v7.5 (17) , richness estimates were calculated using DOTUR (48) , and library coverage was calculated using Good's index. Estimated shared richness, community overlap (66) , and community structure similarity (65) between clone libraries were calculated using SONS (49) .
Nucleotide sequence accession numbers. Sequence data have been submitted to the GenBank database under accession numbers EU329738 to EU329844.
RESULTS
Bulk sediment and pore water chemistry. TC, OC, and TN contents (% [wt/wt]) all decreased with increasing depth, whereas IC remained relatively constant (Fig. 1A) . The sediment OC content ranged between 12.3 and 2.3%, and IC was Ͻ5% over most depths; however, the amount of TC comprised of IC increased from an average of 30% to 40% at depths below 20 cm. Ratios of OC to TN by mass (9.2 to 13.5) were similar to those reported for marine coastal sediments. Pore water salinity (% [wt/vol]) more than doubled over the sampling depth, increasing from 5.0 to 11.8% (50 to 118‰), and sulfate concentrations increased from 112 to 701 mM (Fig. 1B) .
Powder X-ray diffractometry analysis indicated that calcite, gypsum, halite, and silica were the most abundant minerals present. With the exception of the near-surface (0 to 2 cm) and deeper (23 to 28 cm) sediments, calcite was the most abundant mineral and had an average relative abundance of 73% (wt/ wt). Gypsum was detected only in the depth intervals in which calcite abundances were lowest (0 to 2 cm, 67 to 72%; and 23 to 28 cm, 29 to 69%). Average relative abundances of halite and silica were 23% and 6%, respectively, and showed little variation with depth. The high relative abundances of halite are most likely an artifact resulting from the drying process during sample preparation.
Quantification of 16S rRNA genes. The abundances of major microbial groups, as determined by qPCR, were reported as DNA copy numbers of 16S rRNA genes per g of dry sediment. The abundances of total microbes (Archaea and Bacteria) and of Archaea were 10 5 to 10 7 DNA copies g Ϫ1 , whereas Bacteria and Crenarchaeota abundances were 10 4 to 10 6 DNA copies g Ϫ1 (Fig. 1C) . Archaeal 16S rRNA genes were dominant (64 to 99%) at all sediment depths, and Crenarchaeota abundance, as a percentage of total Archaea, varied from 0.4 to 22%. Changes in the abundances of Crenarchaeota and Bacteria over depth were similar (Fig. 1C) .
Microbial community structure patterns. Three different restriction enzymes were used to generate TRFs for Archaea and Bacteria. Although the number of TRFs generated with each restriction enzyme was variable, community structure patterns determined by multivariate techniques were similar. Therefore, only results for the HhaI enzyme are presented. Relative TRF peak areas were used in the analysis of community structure, but similar patterns were found using presenceabsence data. Cluster analysis revealed five distinct subgroups (I to V) with Ն65% similarity for both microbial groups ( Fig.  2A and B) . Two major bacterial subgroups with Ͻ10% similarity were observed (Fig. 2B) . Additionally, an overall trend
FIG. 2. Hierarchical cluster analyses (A and B)
and nonmetric MDS plots (C to F) of arcsine square root-transformed relative T-RFLP peak areas. Distance matrices used for both analyses were calculated using the Bray-Curtis similarity index. Sediment depth intervals (cm) are listed on the y axes, and dotted lines (A and B), ellipses (C and D), and Roman numerals (A to D) designate subgroups with Ն65% similarity. Corresponding concentrations of environmental variables most correlated with community structure are plotted as open circles (E and F). Arrows indicate depth intervals selected for archaeal 16S rRNA gene sequencing (C and E). 2-D, two-dimensional; s , Spearman rank correlation coefficient. Only results of clustering and MDS analyses obtained using data from HhaI restriction are presented. MDS topology and resulting stress values obtained using other restriction enzymes were similar.
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with sediment depth was found for the bacterial community, where adjacent sediment depths were most similar to each other. No such trend with depth was apparent for the archaeal community. MDS was used to perform ordination of T-RFLP profiles ( Fig. 2C and D ). An examination of the stress values, which represent unexplained information, determined that two dimensions were sufficient for explaining community patterns. Bacterial community patterns from MDS analysis closely matched those obtained by hierarchal clustering (Fig. 2B and  D) , further validating the overall trend, and were correlated with pore water salinity ( s ϭ 0.76) (Fig. 2F) . Archaeal community structure patterns revealed by MDS analysis also matched those from hierarchal clustering ( Fig. 2A and C) . Archaeal community structure patterns were weakly correlated with TC ( s ϭ 0.33) and pore water salinity ( s ϭ 0.11) (Fig. 2E) .
Bacterial community composition patterns. Bacterial 16S rRNA gene sequences representing a total of 16 bacterial phylogenetic groups were matched to T-RFLP profiles by use of APLAUS (Fig. 3) . Abundance trends for several bacterial groups were evident. Within the Proteobacteria, the abundance of Betaproteobacteria increased with depth (and therefore salinity). Gammaproteobacteria abundance decreased with depth, and Alphaproteobacteria abundance showed little change with depth. The abundance of Firmicutes members (Clostridia, Bacilliales, Lactobacilliales, and Mollicutes) and Actinobacteria also generally increased with depth. Members of the Deltaproteobacteria, which include dissimilatory sulfate reducers, were detected only within the 16-to 17-cm and 20-to 21-cm depth intervals. Matches to members of the class Dehalococcoides, which are members of the phylum Chloroflexi, were found in the 16-to 17-cm and 28-to 29-cm depth intervals. The presence of this group was also detected only within sediments from depths of Ͼ8 cm by use of Dehalococcoides-specific PCR primers (data not shown).
Archaeal clone library richness and diversity. A total of 271 sequences representing 107 phylotypes was identified from clone libraries (Fig. 4) . Rarefaction curves, coverage estimates, and two estimators of species richness (S Chao1 and S ACE [9, 10] ) indicated that sediment depth intervals were not completely sampled to capture the total estimated richness at each depth (Fig. 4) . Estimates of phylotype richness and diversity for each clone library were high, although any significant differences in these measures between libraries were not supported due to large confidence intervals (Fig. 4) . The number of archaeal phylotypes recovered from clone libraries was also relatively large compared to estimates from other sediment environments (2) .
Phylogenetic analysis of Archaea. All 107 archaeal phylotypes were classified within the Euryarchaeota or Crenarchaeota phyla ( Fig. 5A and B) . The majority of phylotypes (79% [84 of 107 phylotypes]) were classified within the Euryarchaeota, whereas 21% (23 of 107 phylotypes) were classified within the Crenarchaeota. Only one euryarchaeotal phylotype (clone SS001) was classified within a group that included cultured representatives, Halobacteriales, and it was most similar (90%) to Halalkalicoccus sp. strain C15 (Fig. 5A) . The majority of Euryarchaeota phylotypes grouped within several previously recognized archaeal groups, including marine group II (MG-II) and marine benthic group D (MBG-D), and a few were distantly related to the Methanosarcinales and Methanobacteriales. Approximately one-third (7 of 23 phylotypes) of the Crenarchaeota phylotypes were grouped within the uncultured environmental clades MG-I.1a (20) , MG-I.3b, and MBG-B. Remaining crenarchaeotal phylotypes were not affiliated with any known clades and grouped with uncultured organism sequences recovered from marine, estuarine, and anoxic rice paddy sediments.
The distributions of Euryarchaeota and Crenarchaeota over depth were investigated by comparing numbers of total sequences and phylotypes recovered, as well as numbers of phylotypes of each group shared between depth intervals. Comparisons between the numbers of sequences affiliated with Crenarchaeota and Euryarchaeota indicated that Crenarchaeota sequences were more abundant in the deeper sediment layers (Fig. 6A) . The largest number of shared phylotypes was between the 22-to 23-cm and 32-to 33-cm clone libraries, whereas the 0-to 1-cm clone library shared few phylotypes with those from deeper sediment (Fig. 6B) . These trends were also reflected in the results from several statistical pairwise comparisons of clone library structure and composition (Fig. 6) .
The estimated number of shared phylotypes (S 1,2 Chao1 ) was lowest between the 0-to 1-cm and 32-to 33-cm depth intervals. Trends in estimates of the probability that a phylotype from one of two libraries being compared is found in both (J abund ) and the similarity of relative abundance estimates of phylotypes shared between libraries ( YC ) further support the observed compositional differences between clone libraries.
The relative abundance of Crenarchaeota as a function of total archaeal abundance (qPCR) or total archaeal 16S rRNA gene sequences recovered (T-RFLP and clone library composition analyses) increased with sediment depth in two distinct regions: within the 0-to 8-cm and 20-to 26-cm depth intervals (Fig. 7) . The largest percentage of Crenarchaeota organisms was found in the deepest sediment layers (Ͼ20 cm). Although estimates of Crenarchaeota abundance were dependent on the methodology used, the general trends with sediment depth were similar between methods.
DISCUSSION
Microbial abundance patterns along environmental gradients. qPCR estimates of microbial group abundances revealed that the anoxic sediments of the Salton Sea were dominated by Archaea at all depths. Percent abundance values equaled or exceeded (64 to 99%) those measured from marine subsurface sediments (6) and other saline lakes (29) . On average, the abundance of Bacteria was an order of magnitude lower than that of Archaea and showed a more marked decrease with depth. The largest decline in bacterial 16S rRNA gene abundance occurred in the 14-to 18-cm depth interval, just above the depth (ϳ22 cm) when the extant lake was formed. It is tempting to speculate that this decline was due to the lower productivity, and therefore less carbon export to the sediments, of the newly formed lake. However, no limnological information exists to adequately support this hypothesis. Also, it is difficult to explain why there was no concomitant decrease in archaeal abundance. Except in the near-surface layers, the abundance of Crenarchaeota closely followed the pattern of Bacteria; however, the percentage of Crenarchaeota organisms as a function of total Archaea abundance slightly increased with depth. It is important that because extracted DNA served as the template for qPCR, an unknown fraction of quantified 16S rRNA genes belong to potentially inactive cells. Average values of 3.6 to 4.1 16S rRNA gene copies per cell, obtained from a bacterial genome database (33) , are often used to estimate cell numbers in natural environments. Although bacterial 16S rRNA gene copy numbers of growing cells can vary widely, estimates for Archaea are typically 1 to 1.5 16S rRNA gene copies per cell. Therefore, it is unlikely that the greater Presence of marine archaeal groups in the Salton Sea. The majority of archaeal phylotypes recovered from Salton Sea sediments belong to phylogenetic groups previously described from marine sediments (i.e., MG-II and MBG-B and -D). A few previous studies have also reported the presence of archaeal marine groups in saline lakes (28, 29) . Jiang et al. (29) suggested that similarities in pH (e.g., alkaline) and salinity composition (e.g., NaCl dominant) in marine and Tibetan saline lake sediments could explain the presence and apparent dominance of these groups in these two seemingly disparate environments. The Salton Sea is NaCl-salinity dominant, alka-FIG. 5. Phylogenetic relationships of Euryarchaeota (A) and Crenarchaeota (B) Salton Sea clone sequences (in bold) from three sediment depth intervals, as well as previously reported environmental sequences and associated GenBank accession numbers. Trees were constructed using the NJ algorithm with Jukes-Cantor-corrected DNA distances. Bootstrap (1,000 replicates) values of Ͼ50 are indicated at the nodes. The number of sequences within each clone group is shown in parentheses, and the depth interval in which each clone was found is indicated by a letter. The scale bars represent a 5% sequence difference, and Aquifex aeolicus was used as an outgroup.
line, and located close (Ͻ240 km) to both the Pacific Ocean and the Gulf of California. The lake also serves as critical wetland habitat and functions as a major stopover along the Pacific Flyway for millions of migratory birds. The potential for exchange of material (sediment and water) from nearby marine environments provides adequate means for the introduction of marine Archaea into the Salton Sea.
Linking community structure and composition to environmental gradients. We employed the whole-community fingerprint T-RFLP method to examine changes in relative microbial community structure at a high resolution and to indicate where community compositional differences occurred. TRF peak data were also used to quantify the relative gene frequencies of bacterial and archaeal taxa. While the utility of this technique has been demonstrated previously (52) , it is important to recognize the limitations of such an approach. The effectiveness of T-RFLP and clone library analyses in estimating community structure and diversity, respectively, can be hindered by artifacts in the form of preferential DNA extraction, PCR and cloning biases (50) , and a lack of primer specificity. Also, individual TRF peaks generated with one restriction enzyme often belong to more than one taxon. We addressed the last caveat by utilizing data from multiple restriction enzyme digests for TRF-matching protocols (e.g., APLAUS and TRiFLe). In addition, the majority (Ͼ80% of the relative peak area) of archaeal TRFs were identifiable in our clone libraries.
Shifts in bacterial community structure were strongly depth dependent and correlated with pore water salinity. Groupings of sediment depths with similar community structures, revealed by multivariate analysis of T-RFLP patterns, were further supported by differences in phylogenetic composition. The bacterial community composition was dominated by Proteobac- teria, Actinobacteria, and Chloroflexi. Among the Proteobacteria, an increase in Betaproteobacteria and decreases in Alphaproteobacteria and Gammaproteobacteria sequences were found with salinity. This is opposite to the trend observed by Wu et al. (64) in studying the diversity of water column microbes in lakes varying in salinity, further highlighting the fundamental differences between sediment and water column microbial communities. The majority of described Gammaproteobacteria are heterotrophic, and this group is characterized as being physiologically diverse. Most of the Gammaproteobacteria sequences detected in the Salton Sea belonged to sulfide oxidizers or matched sequences retrieved from sulfiderich environments. Although no direct physiological link could be made, Clostridia and Actinobacteria sequences were detected at almost every depth, a pattern commonly found in reducing marine sediment environments (16, 38) . Changes in archaeal community structure based on T-RFLP analysis were not a simple function of depth and were weakly correlated with measured environmental gradients. However, the three depth intervals from which clone libraries were constructed belonged to distinct sample groupings determined by T-RFLP analysis. The weaker community structure patterns of Archaea could be explained by the relatively constant percentage of Euryarchaeota abundance over depth and the overlapping TRFs between both groups. Although Crenarchaeota abundance determined by qPCR showed a slight increase in deeper sediments, Euryarchaeota species were dominant at all depths. Also, many Crenarchaeota sequences had identical TRFs to those of the Euryarchaeota. This problem was minimized during the clone-matching procedure by utilizing data from all three restriction enzyme digests simultaneously with the TRiFLe program. T-RFLP and clone library frequencies gave almost identical estimates of Crenarchaeota abundance. The discrepancy observed between these estimates and abundances determined using qPCR can be explained by cloning bias or differences in primer specificity for this group.
Archaeal diversity as a function of environmental gradients. As a whole, the level of 16S rRNA gene diversity of the Salton Sea archaeal community was relatively high compared to that in other archaeal clone libraries constructed from aquatic sediments (2) and, specifically, compared to that in other saline lakes (22, 28) . Due to incomplete sampling, direct comparisons of richness estimates between our clone libraries cannot be made; however, large differences in clone library composition were apparent. Both the number of total Crenarchaeota se- (28) found a predominance of crenarchaeotal sequences in sediments associated with past freshwater conditions in Lake Chaka, with euryarchaeotal sequences being found almost exclusively in saline and hypersaline sediments. Although Salton Sea pore water salinity increased threefold along the depth range investigated, the salinity range was much lower than that reported by Jiang et al. (28) . While salinity values reached near-saturation levels (40%) in their study, salinities of 5.0 to 11.8% (wt/vol) were measured in Salton Sea sediments. This range is more similar to that found by Walsh et al. (61) , who also reported an increase in crenarchaeotal sequences within highersalinity soils. It is possible that Euryarchaeota are better adapted than Crenarchaeota to higher salinities present in other saline lake sediments. In addition to salinity, other environmental differences may help to explain the observed archaeal diversity patterns across sediment depth. Carbon supply, sediment redox conditions, and the dominant TEAP at depth are expected to be important drivers of microbial communities. Profundal sediments in the Salton Sea are sulfidic and remain permanently anoxic, even during times of deep-water column mixing (54, 63) , and sulfate reduction is the suspected TEAP. Carbon content decreases (e.g., TC decreasing from 14.6 to 3.0% [wt/wt]) and the number of evaporite deposits increases with depth. Little is known about the physiology and metabolic requirements of Archaea detected in marine water and sediment, despite their fairly extensive distribution in anoxic environments (25, 46, 60) . It has been hypothesized that some anaerobic, mesophilic archaea may carry out some form of hydrogen metabolism (19) , sulfate reduction (34), or methane production/oxidation (27) . Kiene et al. (32) reported on methylated reduced sulfur compounds (i.e., dimethylsulfide) being utilized for methane formation in several anoxic sediment environments, including several alkaline saline lakes. Salton Sea sediment and water contain Ͻ1 M methane (D. L. Valentine, unpublished data), and methanogenic archaea must compete with sulfate reducers for hydrogen and acetate or must utilize other compounds (e.g., methylotrophy). In addition, no clone sequences recovered matched closely to known methanogens or methane oxidizers, although this is not definitive proof of their absence. It remains most likely that some form of sulfur-based or syntrophic metabolism (i.e., interspecies hydrogen transfer) plays a key role in the success of these particle-associated archaea in the Salton Sea and other anoxic sediment environments.
Energetic stress and the structuring of microbial communities. The results of this study indicate that salinity and carbon gradients play a significant role in driving microbial abundance and diversity patterns in Salton Sea sediments. Increasing salinity and decreasing carbon content over depth represent conditions of increased energetic stress for the microbial communities present. Valentine (59) proposed a framework in which the success of Archaea over Bacteria in any environment may be explained by the amount of energetic stress experienced by microbes within these environments and by the physiological adaptations that each group possesses to deal with such stress. Several studies have suggested that Archaea are dominant within the deeper sediments of the marine subsurface (6, 11, 39) . We hypothesize that the high-salinity and low-carbon conditions that exist in the deeper sediments of the Salton Sea provide an environmental niche in which mesophilic, presumably anaerobic archaea are able to thrive, though their exact biogeochemical roles remain unknown. Future studies of the metabolic activities and physiologies of the microbial communities described in this study will be useful for providing a more complete understanding of how energetic stress may dictate the ecologies of both domains.
